In times of drought, the availability of feed is reduced, and the use of concentrate ingredients, such as wheat bran, becomes costly for animal production. Thus, the use of spineless cactus emerges as a potential solution to the shortage of feed and water during prolonged drought periods. The objective of this study was to evaluate the effects of replacing wheat bran with spineless cactus plus urea (0%, 25%, 50%, 75%, and 100%) in sugarcane-based diets for sheep on nutrient intake, feeding behaviour, nitrogen balance and microbial protein synthesis. Five male Santa Ines sheep with average initial bodyweight of 34.0 ± 3.6 kg were used in a 5 × 5 Latin square. The maximum intakes of dry matter (DM) (1414 g/day), organic matter (OM) (1281 g/day), crude protein (CP) (204 g/day), neutral detergent fibre corrected for ash and protein (NDFap) (425 g/day), and total digestible nutrients (TDN) (890 g/day) were estimated with replacement levels of 80.2%, 75.3%, 88.6%, 50.5%, and 79.3% respectively. Feeding behaviour was not altered by replacing wheat bran with spineless cactus plus urea. Nitrogen retention increased by 0.10 g/day, while plasmatic urea nitrogen increased by 0.20 mg/day for every 1% level of replacement. The maximum production of microbial nitrogen (15.9 g/day) and microbial protein synthesis (99.4 g/day) were estimated with replacement levels of 45.8 and 45.7%, respectively. It is concluded that up to 80% wheat bran could be replaced with spineless cactus plus urea in sugarcane-based diets for sheep. ______________________________________________________________________________________
Introduction
Animal production systems in tropical regions, particularly those in semi-arid regions, are informal and depend on native vegetation. In times of drought, the availability of feed is reduced and the use of concentrate ingredients such as wheat bran becomes costly for animal production. Therefore, it is necessary to further the development of techniques that increase the production efficiency of herds.
Ensuring the availability of alternative feeds in adequate amounts and of adequate quality is a priority to keep up with accelerated demand for growing and finishing animals, since droughts and changes in global climate affect the grain harvest and increase prices in the international market (Ben Salem & Smith, 2008) .
Spineless cactus, because of its efficiency of water use (Nobel, 2001 ), emerges as a potential solution to the shortage of feed and water during prolonged drought. It is utilized as a feed supplement in Brazil, Chile, Morocco, Mexico, South Africa and Tunisia (Ben Salem & Smith, 2008) . In Brazilian semi-arid regions, it is common to use the spineless genotypes giant (Opuntia ficus-indica meal), sweet (Nopalea cochenillifera (L.) Salm-Dyck), and Mexican elephant ear (Opuntia stricta (Haw.)).
The main advantage of spineless cactus is the presence of high concentration of water in the cladodes (850-900 g/kg) (Nefzaoui & Ben Salem, 2002) , which contributes to the hydration of animals. Moreover, it is rich in rapid rumen fermentation carbohydrates (640-710 g/kg of dry matter (DM)) (Nefzaoui & Ben Salem, 2002) and has higher DM digestibility (750 g/kg) (Ferreira et al., 2011) . Its neutral detergent fibre content (NDF) 170-280 g/kg DM), and CP content (25-60 g/kg DM) (Nefzaoui & Ben Salem, 2002) , however, are relatively low, which suggests the presence of an association between roughage with effective fibre and the supply of rumen degradable protein to optimize microbial protein synthesis (NRC, 2001) . When the aim is to potentiate rumen microbial protein synthesis with the use of urea, evaluation of the nitrogen balance is an important tool, because it can help to determine the efficiency of the use of nitrogen by ruminants and its losses in the environment. According to Bastos et al. (2014) , feeding conditions and characteristics of feed can alter feeding behaviour owing to interactions among the nutrients of diets and increase microbial efficiency.
In the literature, few studies evaluate the replacement of wheat bran with spineless cactus in the diets of sheep. In heifers, Monteiro et al. (2014) reported that it was practical to replace wheat bran with spineless cactus containing urea up to 66% DM in sugar cane-based diets. This could contribute to reducing the costs of concentrate feeds. It is hypothesized that spineless cactus, which is high in non-fibre carbohydrates, could replace wheat bran in supplementation strategies in sheep production systems. Del Razo et al. (2015) suggest that cladodes of spineless cactus could be fed to ruminants in the place of lucerne and oat hays without compromising the performance of the animals. The focus should now be on the formulation of spineless cactus production diets with a high energy content to be used in feedlots. Supplementing additional protein and energy feed sources would probably improve animal performance (Einkamerer et al., 2009) .
Therefore, the purpose of this study was to evaluate the effects of replacing wheat bran with spineless cactus plus urea in sugarcane-based diets for sheep on nutrient intake, feeding behaviour, nitrogen balance, and microbial protein synthesis.
Materials and Methods
The experiment was conducted at the Laboratory of Feed Evaluation for Small Ruminants II in the Department of Animal Science of the Federal Rural University of Pernambuco, Recife, PE, Brazil.
The ingredients used in the diets were sugarcane (Saccharum officinarum L.), ground corn, wheat bran, and spineless cactus (Nopalea cochenillifera Salm-Dyck) ( Table 1 ). The sugarcane was chopped to particles about 1 cm. Dietary treatments consisted of a control diet with wheat bran and without spineless cactus, and four diets with spineless cactus replacing 25%, 50%, 75%, and 100% wheat bran, respectively (Table 2) . Spineless cactus was chopped daily and thoroughly mixed with the other ingredients prior to feeding. Urea and ammonium sulfate were added to the diets to adjust the CP of the spineless cactus. Diets were offered as total mixed rations twice daily in two equal meals at 8h00 and 16h00 for ad libitum intake, and the amounts fed and refused were recorded daily, maintained at about 13% orts. The orts were sampled, placed in labelled bags, and stored in the freezer for later analysis. The management and care of animals were performed in accordance with the guidelines and recommendations of the Committee of Ethics on Animal Studies at the Federal Rural University of Pernambuco (UFRPE), PE, Brazil. Five non-castrated male Santa Ines sheep (34.0 ± 3.6 kg bodyweight), cannulated in the rumen, were used in a 5 x 5 Latin square experiment. Each period lasted 15 days, with the first eight days for diet adaptation (Storry & Sutton, 1969; Menezes et al., 2011) , followed by seven days for data collection. Sheep were housed in individual pens with wooden floors and had free access to water. The faecal DM output was estimated using the total collection of faeces, which was performed from the first to the third day of each collection period. The collection bags were coupled to animals, and the samples were collected over 24 hours and kept frozen.
At the end of each experimental period, the feed samples, orts and faeces were thawed and subjected to pre-drying at 60 °C for 72 hours, and were then ground in a Wiley-type knife mill with a 1 mm mesh. Composite samples were saved for each animal on a dry weight basis from each period. Four hours after the diet was consumed on the 11th day of each experimental period, blood was collected by jugular vein puncture in a test tube containing a separation gel with a coagulant activator (SST II Advance, BD Vacutainer, Brazil). These samples were stored at −15 °C for later urea analyses. Plasmatic urea nitrogen (PUN) was analysed with a commercial kit, Doles ® , and a colorimetric method in the semi-automatic biochemical analyzer D-250 Doles ® . Feeding behaviour of all sheep was observed every 5 minutes for 24 hours, starting immediately after the morning feeding, totalling 72 hours of observation (three days of observation in each period). The activity of each sheep was recorded as feeding, ruminating, and resting. Each observation was assumed to last 5 minutes, which was the interval between observations. A meal was defined as at least one observation of feeding activity occurring after at least 20 minutes without feeding activity. This is based on the definition of feeding used by Wangsness et al. (1976) , who defined a meal as at least one minute of eating activity after at least 20 minutes without eating. A period of rumination was defined as at least 5 minutes of rumination occurring after at least 5 minutes without ruminating activity. The feeding and rumination efficiencies (g/h) of DM and NDF were determined and adapted the methodology proposed by Bürger et al. (2000) , dividing the intake of each of these nutrients by the total feeding time (feed efficiency) and rumination time (rumination efficiency).
The DM, OM, and CP analyses were performed according to the AOAC (1990) (method number 934.01 for DM, 930.05 for OM, and 981.10 for CP). Ether extract (EE) was analyzed by Soxhlet extraction with petroleum ether, according to the AOAC (1990), method number 920.39. The concentration of neutral detergent fibre was assayed with a heat-stable amylase and corrected for ash and nitrogenous compounds (NDFap) by using techniques described by Mertens (2002) , with corrections for a protein according to Licitra et al. (1996) and thermostable alpha-amylase added. Non-fibre carbohydrates (NFC) were calculated according to Hall (2000) :
NFC (g/kg) = 1000 − [(CP-urea derived CP + urea) + NDFap + EE + ash]
Where: CP = crude protein NDFap = neutral detergent fibre corrected for ash and protein EE = ether extract.
The total digestible nutrients (TDN) were determined according to Weiss (1999) : The amount of absorbed microbial purines (X, mmol/day) was estimated based on the urinary excretion of purine derivatives (Y, mmol/day), by using the equation proposed by Chen & Gomes (1992) for sheep:
Where: Y is the excretion of purine derivatives (mmol/day) X corresponds to the absorbed microbial purines (mmol/day BW 0.75 corresponds to the body weight raised to the 0.75 power (metabolic weight)
The intestinal flow of microbial N (g MN/d) was estimated based on the amount of purines that were absorbed (X mmol/day), according to the equation of Chen & Gomes (1992) : MN (g/d) = X (mmol/day) × 70/0.116 × 0.831000 = 0.727X, assuming a digestibility of 0.83 for microbial purines, a ratio of 0.116 for purine N:total N, and a N content of purines of 70 mg N/mmol.
The data were analyzed according to a 5  5 Latin square design, using the PROC GLM and PROC REG procedure of Statistics Analysis System (SAS, 2013) according to the following model:
where: µ is the general constant D i the fixed effect of diet I a j is the random effect of animal j p k is t random effect of the experimental period k ɛ ijkl is the unobservable random error
After analysis of variance, the significance of the linear and quadratic effects of the replacement of the total of wheat bran in the basal diet by spineless cactus was evaluated. A significance value of 0.05 was adopted as the critical value of the probability of type I error to determine the effects of replacing wheat bran with spineless cactus on nutrient intake, feeding behaviour, nitrogen balance, and microbial protein synthesis.
Results and Discussion
The nutrient intake demonstrated a quadratic effect (P <0.05) (Table 3) . For DM, the maximum intakes of 1414 g/day and 41.4 g/100 g body weight were estimated with 80.2 and 80.3% replacements of wheat bran with spineless cactus plus urea, respectively. The same trends (P <0.05) were observed for intakes of OM (1281 g/day), CP (204 g/day), and total digestible nutrients (890 g/day), estimated with 75.3, 88.6, and 79.3% replacements of wheat bran, respectively. The nutrient intake increase could be explained by the increase in the contents of the NFC of the diets, probably because of the better digestibility of the spineless cactus. There was an increase of nutrient intake up to replacement levels close to 80%. The positive effect on the intake with the inclusion of spineless cactus at levels up to 52% of DM, despite the increased NFC contents, is justified by the better rumen equilibrium, which is supported by the presence of effective fibre from the sugarcane, helping to maintain microbial activities.
The presence of an excessive amount of urea in the diets, as proven by the increase in plasmatic urea nitrogen, affected not only the palatability of the diet, but also the rumen fermentation. The energy that was released through the fermentation of NFC was probably not enough for the assimilation of a high amount of readily available non-protein nitrogen (NPN) by rumen microorganisms.
According to Mertens (1987) , animals consume feed until they achieve the maximum capacity of intake, which is a function of the characteristics of the diet. Thus, another hypothesis regarding the quadratic effect of nutrient intake is the physical limitation of voluntary intake caused by rumen filling owing to the high NDF content of sugarcane (Oliveira et al., 2011) , which increased the iNDF content of the diets ( Table 2) . The low fibre digestibility of the sugarcane reduced the DM intake (Allen, 2000) owing to the greater retention of this fraction in the digestive tract (Voltolini et al., 2008) , which affects degradability (Lund et al., 2007) . Indigestible material accumulation in the rumen contributes to satiety owing to filling (Magalhães et al., 2006) .
The maximum intake (P <0.05) of NDFap (425 g/day and 12.8 g/100 g bodyweight) was estimated with a 50.5 and 60.4% replacement of wheat bran with spineless cactus plus urea, respectively (Table 3) . The lower NDFap contents in the diets justify the reduction in the intake of this nutrient in association with a 50% replacement level, because of the presence of increasing amounts of NFC that are associated with the inclusion of spineless cactus. Despite this reduction, around 31% of NDFap in the diet promoted the maximum intake of DM by the animals. For lactating cows, NRC (2001) recommends a maximum of 44% NFC (DM basis) and a minimum of 25% NDF with a source of effective fibre. Because there are no maximum limits of NFC for sheep, this species might be more tolerant when compared with cattle, something that may be related to the feeding habits of the animals.
Feeding behaviour was not altered (P >0.05) by the replacement of wheat bran with spineless cactus plus urea (Table 4 ). The average times of feeding, rumination, and resting were 322, 499, and 618 min/day, respectively. Except for the efficiency of the rumination of DM, which increased linearly (P <0.05), the feed efficiency of the DM and the rumination efficiency of the NDF were not affected by the diets, with average values of 247 and 50 g/h, respectively. Welch & Smith (1971) , rumination activity is strongly stimulated by the presence of fibre material in the rumen. It can be inferred that the increase in the rumination efficiency of the DM was owing to the increased inclusion rate of spineless cactus, because masticatory activity is a response to fibre effectiveness (Colenbrande et al., 1991) . Thus, when a more fibrous feed is exchanged, as in the replacement of wheat bran (43.4% of NDFap) by spineless cactus (23.2% of NDFap), there is a decrease in the masticatory time owing to the lack of the effective NDF of the spineless cactus.
A quadratic effect (P <0.05) was observed for the ingested and absorbed nitrogen values, with maximum amounts estimated at 33.2 and 28.4 g/day for the replacement levels of 92.7 and 98% respectively (Table 5) . Experimental diets were formulated on an isoprotein basis (Table 2) . However, the presence of NPN from urea instead of true protein may explain the higher values in the diets with higher replacement levels. Because of the replacement of the true protein of wheat bran by urea, it can be inferred that there was an increase in rumen degradable protein (RDP), which is probably because of the increase in the ammonia concentration of the rumen (Bach et al., 2005) .
Replacement of wheat bran with spineless cactus did not alter (P >0.05) the nitrogen loss from faeces, with an average value of 4.55 g/day (Table 5) , which is probably due to the greater use of rumen NH 3 -N by bacteria. However, there was a quadratic effect on nitrogen loss from urine representing approximately 19.7% of the ingested nitrogen in the diets with spineless cactus plus urea. The maximum nitrogen loss from urine (6.21 g/day) was estimated with a 70.3% replacement of wheat bran.
When the rumen degradation rate of protein exceeds the degradation rate of carbohydrates there is an increase of nitrogen excretion and urea production. The excess ammonia that is produced in the rumen is absorbed by the rumen wall and converted to urea in the liver. The excretion of urea in urine represents a higher energy cost for the animal (Nocek & Russell, 1988) . This process uses 12 kcal/g N (Van Soest, 1994) or 1 ATP/molecule of produced urea, resulting in a reduction of the energy that is available for microbial protein synthesis (Bach et al., 2005) .
The replacement of wheat bran with spineless cactus plus urea did not alter the concentration of retained nitrogen, which represented 78% of absorbed nitrogen (Table 5) . However, for the retained nitrogen in relation to the ingested nitrogen, there was an increase of 0.07% for every 1% increase in the replacement levels due to the fast urea degradation in the rumen environment. There was an increase of 0.10 g/day in the nitrogen retention for every 1% replacement of wheat bran with spineless cactus plus urea (Table 5 ). Independent of the replacement levels, there was no negative nitrogen retention, indicating that protein intake was adequate for the protein requirements of the sheep. A higher nitrogen retention was observed with the total replacement of wheat bran for the diet containing 49.2% of spineless cactus and 3.94% urea.
The plasmatic concentration of PUN increased by 0.20 mg/dL for every 1% replacement of wheat bran with spineless cactus plus urea (Table 5 ). The average values observed for .3 mg/dL) were above the physiologic levels considered normal (24-60 mg/dL) by González & Silva (2006) . According to Butler (1998) , the plasmatic concentration of urea nitrogen in ruminants is related to protein intake, and is used to verify the nutritional protein status of animals. In this study, there was probably an imbalance between RDP/RUP and the energy of the diet owing to excess urea (González et al., 2000) , promoting a greater accumulation of ammonia in the rumen.
The replacement of nitrogen from wheat bran by NPN from urea, a product more soluble in the rumen, contributed to increasing PUN in the sheep (Table 5) . Despite the gradual increase in PUN, intoxication was not recorded in the animals that received up to 39.4 g urea/kg. However, above 31.6 g/kg of supplied urea, there was a reduction in DM intake (with 80% replacement).
The excretion of purine derivatives presented a quadratic effect (P <0.05) (Table 6 ), except for uric acid, which increased linearly by 0.10 mmol/day for every 1% level of replacement. The maximum excretions of allantoin (18.3 mmol/day) and xanthine + hypoxanthine (1.88 mmol/day) were estimated with 43.8% and 45.7% replacements of wheat bran, respectively. The maximum excretion of the total (21.3 mmol/day) and absorbed purines (25.3 mmol/day) were estimated for the replacement levels of 45.6% and 45.64% respectively. Maximum microbial nitrogen production of 15.9 g/day and microbial protein synthesis of 99.4 g/day were estimated for 45.8 and 45.7% replacements of wheat bran.
When crude protein intake increases, there is an increase in the urinary excretion of purine derivatives, indicating a greater duodenal flow of microbial proteins (Balcells et al., 1991) .
At above 46% replacement of wheat bran, there was a reduction in microbial protein synthesis. This result could be explained by the greater amount of urea that was added to the diets (Table 2) . Besides limiting the DM intake of the diets (Table 3) owing to fast rumen degradation, this caused an imbalance in the energy/nitrogen ratio ( Table 5 ) that was available for the microorganisms. Therefore, the microorganisms could not use the total amount of ammonia that was available in the rumen, increasing nitrogen loss and decreasing microbial protein synthesis, and consequently decreasing the N flow to the duodenum.
The smaller microbial protein production with the replacement of 100% of wheat bran could be explained by the presence of low ruminal digestibility of fibre of sugarcane, resulting in lower energy available for rumen bacterias. This was observed by Pires et al. (2008) , who reported a lower microbial CP flow in diets containing 100% sugarcane, indicating less efficient fermentation. According to these authors, a lower passage rate of sugarcane could contribute to lower microbial CP production. According to Russell et al. (1992) , a lower rumen turnover indicates that the energy demand is greater, resulting in slower microorganism growth. The efficiency of microbial protein synthesis was reduced linearly by approximately 0.50 g for each 100 g TDN (Table 6 ). According to NRC (2001) , an increase in the microbial protein synthesis depends on the availability of carbohydrates and nitrogen in the rumen. However, the efficiency of microbial growth, according to Nocek & Russell (1988) , depends on the energy partition for maintenance and growth. Thus, microbial growth is maximized by synchronization between the availability of fermentable energy and rumen degradable nitrogen (Russell et al., 1992) . Therefore, in this study, it is possible that the fibre content of sugarcane in particular increased the iNDF in the diets (Table 2 ). This may have limited TDN intake, causing lower microbial efficiency.
Del Razo et al. (2015) and Einkamerer et al. (2009) suggested that spineless cactus could replace the roughage proportion in diets. Nevertheless, the present study showed that spineless cactus could replace a significant part of concentrate feedstuff as wheat bran. This becomes crucial for semi-arid regions once this input cannot be produced, necessitating its importation from other areas and consequent high prices. The total cost per kilo DM according to current prices was estimated at (U$/kg DM) 0.29; 0.23; 0.21; 0.19, and 0.18 for replacement of 0%, 25%, 50%, 75%, and 100%, respectively.
Conclusions
Spineless cactus plus urea is a useful alternative feed option in semi-arid regions during the shortage of feed and water in prolonged drought. This study proved that spineless cactus could replace up to 80% of wheat bran in sugarcane-based diets for sheep, promoting a higher intake of DM and TDN, and consequently could reduce dependence on feed concentrates and the feeding costs.
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